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Abstract 
This study focuses on the basin and site scales to identify physical constraints for CO2 injection and source-sink infrastructure. We 
analyze the sequestration of CO2 emissions associated with conventional and unconventional fossil fuel development in the Uinta-
Piceance Basins, Colorado and Utah, USA. This area is underlain by abundant saline formations with excellent potential geologic 
sequestration. Land access, as a proxy for pore space access, is an important consideration in this area of rugged terrain, protected 
natural areas, and Indian and private lands. We integrate a model of geologic CO2 sequestration (CO2-PENS) and a model of 
infrastructure optimization (SimCCS) to evaluate the design of CCS infrastructure under uncertainty.  
This research focuses on the effect of uncertainty in properties of sequestration reservoirs on CCS infrastructure, including the 
dedicated CO2 pipeline network and which sources should capture CO2 or where new CO2 emitting facilities should be located. CO2 
source emissions and capture costs can be estimated with reasonable certainty based on current separation technologies. In contrast, 
the actual capacity and injectivity of saline aquifers (sinks) may vary over several orders of magnitude compared with estimated 
values, due to geologic heterogeneities that affect porosity, permeability, thickness, and extent of the saline aquifers.  
We report on modeling using CO2-PENS, an injectivity/capacity and risk assessment simulator package for geologic sequestration, 
and SimCCS, a geospatial decision optimization model for comprehensively designing CCS infrastructure. CO2-PENS uses 
statistically distributed input parameter values to characterize CO2 migration through the sequestration reservoir, caprock, and 
overlying freshwater aquifers, as well as potential leakage pathways like wellbores and faults. Representative parameter ranges were 
developed for the Cretaceous Castlegate and Jurassic Entrada sandstones, widespread permeable saline formations in the Uinta-
Piceance basins. A GIS mask based on land use, land ownership, slope, and hydrology was developed to define land surface access 
for developing sequestration sites. Several sites of varying area and formation depth were defined for both the Castlegate and Entrada 
formations. Using the Monte Carlo modeling capability of CO2-PENS, multiple realizations were run for each site in order to develop 
probability density functions (PDFs) of reservoir capacity and cost for sequestration of various rates of CO2 delivery. These PDFs 
were provided to SimCCS for use in the calculation of optimal pipeline networks among CO2 sources and sinks. SimCCS plans CCS 
infrastructure with respect to objective functions that include information on financial budget, regional CO2 capture target, or a price 
on carbon (i.e., what scale of infrastructure is economically feasible). Because the model simultaneously examines source-network-
sink components, it is ideal for analyzing the impact of sink uncertainty on overall CCS infrastructure. Model outputs include CCS 
costs, spatial network routing, and the scale at which deploying CCS infrastructure makes sense.  
Coupling CO2-PENS and SimCCS, both state-of-the-art models, allows us for the first time to examine how reservoir uncertainty 
propagates through, or even drives, the entire CCS infrastructure system. In our study this effect is evidenced by preferential 
selection of sinks with spatially proximal alternatives, robust pipeline networks that can respond to changes in CO2 flow, and sources 
chosen that make economical sense (though not necessarily financially optimal) and integrate well into a dynamic CCS system. 
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1. Introduction 
Recent studies of GHG emissions management have typically approached the potential solution of carbon [dioxide] 
capture and storage (CCS) by evaluating the regional match between CO2 sources and available pore space in geologic 
formations. While this scale of study is a necessary first step to bound the problem for policy makers, the practical 
challenge of building an integrated and realistic CCS infrastructure system requires more detailed analysis. Studies of 
CCS at the scale of a geologic basin, the mesoscale, lie at an intermediate scale between regional carbon accounting and 
highly detailed reservoir models for individual sites [1]. Mesoscale studies may represent the initial characterization of 
basin-wide sequestration formations and may therefore involve sparse datasets and wide parameter distributions. This 
uncertainty propagates through sequestration and infrastructure models and affects the final assessment of feasibility of 
CCS project. 
The degree of uncertainty will vary among the many aspects of carbon capture and storage. Although carbon capture 
technology is rapidly evolving, the choices available for plant-scale CO2 separation are relatively well-defined [2]. 
Power plants will either implement carbon capture or not, and thus the costs, water and power requirements, and CO2 
flow from these sources are categorical, rather than continuously varying, values, and the uncertainty is relatively small. 
In contrast, the actual capacity and injectivity of saline aquifers (sinks) may vary over several orders of magnitude 
compared with estimated values, due to geologic heterogeneities that affect porosity, permeability, thickness, and extent 
of the saline aquifers, and due to the quality and quantity of the data available to quantify these parameters. Plans for 
carbon management projects will be made under a high degree of uncertainty on the geologic sequestration end, and it 
is critical to understand how this uncertainty affects the design and cost estimates for pipeline networks and the choice 
of how sources and sinks are connected. In this way, the cost of acquiring additional site characterization data can be 
understood relative to the benefit of reducing uncertainty and its effects on the design of the overall CCS system. 
Carbon capture and storage will only have a significant impact on climate change mitigation if it is implemented on a 
substantial scale. This will require extensive CCS infrastructure and the transportation and storage of massive amounts 
of liquid and supercritical CO2. For example, the U.S. share of a CCS climate stabilization wedge [3] would require 
CO2 abatement of 920 million metric tonnes of CO2 per year (MtCO2/yr)
†, representing 17% of 2009 U.S. total CO2 
emissions [4]. This is equivalent to the CO2 produced by 245 typical coal power plants (589 coal power plants in 2005, 
on average, each generated 402 MWe and produced 3.76 MtCO2 [4]). Due to increased energy to capture CO2, abating 
920 MtCO2/yr requires managing a larger quantity of CO2. For instance, a representative existing pulverized coal (PC) 
power plant [e.g., 5] that generates 400 MWe, without capture technology, would produce 3.16 MtCO2/yr. 
Consequently, a 920 MtCO2/yr abatement is equivalent to the CO2 produced by 291 such plants. However, the same PC 
plant with capture technology would produce 3.95 MtCO2/yr. Of this, 0.40 MtCO2/yr is emitted to the atmosphere and 
3.55 MtCO2/yr is captured. Therefore, the 920 MtCO2/yr abatement actually requires CCS infrastructure for 328 power 
plants and active management of 1,164 MTCO2/yr (i.e. 27% more than the abatement value). This amount of CO2 has a 
pipeline-ready volume (25°C and 2,000 psi) of 1.35 km3/yr, equivalent to 23.3 million barrels per day (bbl/d) or 24% 
greater than the U.S.’ petroleum consumption in 2009 [6].  
Capturing, transporting, and storing meaningful amounts of CO2 present a complex and challenging problem. This 
challenge should be met with modeling tools that can suitably evaluate critical questions regarding CCS technology. For 
example, at what scale should CO2 management systems be designed—local, regional, or national? Will each source 
simply be connected to its closest sink, or will a more realistic network with trunkline capabilities develop? What 
timescale should carbon management networks be optimized for? How can cost effectiveness be balanced with 
maximized environmental mitigation? Given the scale of this national challenge, the effect of reservoir uncertainty on 
the CCS infrastructure design will be massive. 
2. Background 
2.1. Integrated Carbon Management 
Our approach focuses on carbon transport and storage, whose variable costs depend on conditions along the pipeline 
network and in the geologic storage formation. Capture costs, which depend on discrete technologies, are not explicitly 
considered in our models, and we use published life-cycle analysis or emissions numbers where required [7, 8]. We use 
a combination of models for assessing the important processes and costs associated with CO2 injection and storage 
(CO2-PENS) and pipeline transport (SimCCS). The study focuses on basin-scale carbon management involving multiple 
emissions sources and sinks. As developed in a previous study [1], our modeling procedure is as follows: given CO2 
capture sources and a region of interest, we (1) identify a set of accessible geologic sequestration sites, (2) characterize 
 
† A stabilization wedge is equivalent to the abatement of 1,000 MtC/yr (or 3,670 MtCO2/yr) over 50 years, where the USA responsibility is 
proportional to its 25% share of worldwide base load electricity generation.  
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a range of injection capacities and on-site costs, (3) develop a cost surface and a set of potential pipeline pathways, and 
(4) design an optimal CCS network (sources, pipelines, sinks).  
We model the sequestration of CO2 at sinks using CO2-PENS, a hybrid system model for CO2 sequestration 
performance and risk assessment [9, 10]. The model is designed to perform probabilistic simulations of CO2 capture, 
transport, injection, migration, and leakage in geologic reservoirs and overlying strata. A powerful stochastic 
framework at the system level allows CO2-PENS to be used to explore complex interactions among large numbers of 
uncertain variables and to help evaluate the likely performance of potential sequestration sites. The model samples 
values for each uncertain parameter from probability distributions, leading to estimates of global uncertainty that 
accumulates as the coupled processes interact as the simulation time advances.  
The CO2-PENS model is flexible for use in applications ranging from feasibility or scoping studies to site-specific 
performance assessment. For feasibility or scoping studies, the model provides built-in simplified subsurface geometry 
with constant geologic property values and reduced-form models for CO2 injection and migration in the reservoir. The 
basic geometric and stratigraphic framework can be customized to specify any user-desired level of detail for a study 
site. The injector module calculates injectivity and reservoir (or unit) capacity to provide an estimate of the number of 
injector wells and associated costs. The reduced-form injector model utilizes correlations from a full-physics reservoir 
model to calculate pressure and CO2 saturation distributions in the reservoir through time. For detailed studies, 
additional information can be incorporated by the user to define spatially variable material properties and aquifer 
conditions, locations of wells and faults, and reservoir conditions (pressure, temperature, CO2 saturation) through time. 
In this way, a two-step approach is possible in which the model is used first in scoping mode to estimate the number of 
wells and cost required to sequester a given mass flow of CO2 and later in detailed mode to evaluate the specific 
locations of wells, CO2 plume fate, and potential leakage pathways. Details of the CO2-PENS computational modules 
are presented elsewhere [1, 9, 10]. 
SimCCS (spatial infrastructure model for carbon capture and storage) is an economic-engineering optimization 
model for planning CCS infrastructure [11]. It can be used by policy and decision makers to understand how CCS 
infrastructure could or should be deployed in response to a price on carbon, minimizing costs, or maximizing CO2 
capture. Specifically, the model optimally deploys (i) where and 
(ii) how much CO2 should be captured, (iii) where and (iv) what 
size dedicated pipelines should be constructed, (v) where and 
(vi) how much CO2 should be stored in geologic reservoirs, and 
(vii) how CO2 should be optimally transported between CO2 
sources and sinks. These seven decisions are highly 
interdependent and need to be considered simultaneously. To 
date, SimCCS is the only carbon management model that 
captures these seven decisions as well as constructing a realistic 
and capacitated pipeline network. Further, SimCCS is the only 
network optimization model that can identify a set of candidate 
arcs where an entirely new network (e.g., pipelines, roads, 
transmission lines) could be built. 
SimCCS has been applied to a variety of carbon management 
scenarios. For example, Middleton and Bielicki [11] identified 
the spatial network of pipelines required to capture CO2 from 
the largest 37 CO2 sources in California (natural gas power 
plants, oil refineries, and cement works) and store the CO2 in 
depleted oil fields. Kuby et al. [12] extended SimCCS to 
examine how CCS infrastructure would optimally deploy in 
response to a range of carbon price scenarios. And Keating et 
al. [1] evaluated the extent and cost of managing CO2 from a 
potential oil-shale industry in Colorado. Furthermore, SimCCS’ 
flexibility allows it to be applied to more general source-
network-sink optimization problems; for example, Middleton et al. [13] adapted SimCCS to optimize wind energy 
infrastructure in Texas. In this case, the model maximized the location and capacity of wind farms and where new 
transmission lines should be built to maximize the penetration of wind-generated electricity. 
 
2.2. Case Study: Oil Shale Carbon Management 
The Piceance Basin in Colorado, USA, contains approximately 1.5 trillion barrels of oil in place in oil shale [14], six 
times the proven reserves of Saudi Arabia. An oil production rate of 1.5 million bbl/day over 50 years would require 
Figure 1. Location map for the oil shale carbon management case 
study, located in the Uinta Basin, Utah, and the 
Piceance Basin, Colorado, USA (red outline). Blue 
line indicates the extent of the oil shale in the 
Piceance Basin; triangle indicates location of CO2 
source; green dots indicate locations of sequestration 
sites. 
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development of only 1-2 % of the basin area. Minimizing the carbon footprint—predominantly from electricity 
production—would require transport and storage of 95 to 150 MtCO2/yr [1].  
In a previous study [1], we optimized the CCS infrastructure required to manage produced CO2 by coupling three 
models: CO2-PENS (geologic reservoir simulation), SimCCS (CCS infrastructure), and CLEARUFF [15] (CO2 integrated 
assessment). In that study we identified nine geologic reservoirs (Figure 1) capable of storing 130 MtCO2/yr; the 
capacities and injection/storage costs were calculated using 
CO2-PENS. The sites vary by area (289 – 900 km2), target 
formation (Castlegate or Entrada Sandstone), depth to the 
top of the reservoir (average 1500 – 3500 m), and distance 
from the presumed CO2 source in the center of the Piceance 
Basin. The uncertainty in input parameters (e.g., formation 
thickness, permeability, porosity) generates a range of 
values for reservoir capacity and costs. This uncertainty 
propagates through the system and significantly impacts the 
location and size of CCS infrastructure required to manage 
a given CO2 stream. Here, we analyze and quantify the 
impact of cost and capacity uncertainty, calculated by CO2-
PENS, on deploying CO2 transport and storage 
infrastructure (i.e., not capture), calculated by SimCCS. 
Each SimCCS solution consists of a set of selected 
sources, sinks, pipelines, and CO2 quantities (captured, 
transported, and stored CO2). In this study, we used one 
source and nine sinks. Figure 2 illustrates a solution for 
managing 50 MtCO2/yr from a potential oil-shale industry 
in the Piceance Basin, Colorado—this corresponds to an oil 
production rate of about 800,000 bbl/day‡ [1]. In this case, 
a 36” trunk pipeline takes the 50 MtCO2/yr produced at the 
oil-shale industry and transports the CO2 westward towards 
the nine sinks. Shortly before sink #6 the trunk pipeline 
splits into separate 30” and 24” pipelines, delivering 31 
MtCO2/yr to sink #6 and 19 MtCO2/yr onwards to sinks #2 
and 4. After delivering 6.74 MtCO2/yr to sink #4, a 20” 
pipeline stores the remaining 12.26 MtCO2/yr in sink #2. 
Here, the model is trying to utilize the low storage cost of 
sink #2 ($0.40/tCO2—Table 2) while minimizing pipeline 
costs. Not coincidentally, the 20” pipeline connecting to 
sink #2 has a capacity of 12.26 MtCO2/yr; the model has 
minimized costs through economies of scale by maximizing the utility of the pipeline.  
The previous study summarized above and in Figure 2 was limited to pipeline network design based on constant 
values of reservoir capacity and onsite costs for each sequestration site. These constant values were the means from 100 
runs of CO2-PENS. In the present study reported here we investigate the effects of uncorrelated, variable reservoir 
capacity and costs among the nine sites and the resulting effect on source-network-sink design.  
3. Reservoir Uncertainty 
We ran two sets of CO2-PENS realizations for each of nine sequestration sites in the Uinta Basin in order to calculate 
the total capacity (MtCO2) of each site and the number of wells and length of distribution piping required to completely 
fill the reservoir with CO2 within 50 years. The sparse data available on reservoir characteristics were used to develop 
statistical distributions for model inputs. Running CO2-PENS in scoping mode, constant values represent homogeneous 
reservoir parameters for each realization, and the Latin Hypercube Sampling and Monte Carlo methodologies used in 
the model ensure that the uncertainty of the combined parameter space is sampled over the course of 100+ model 
realizations. The uncertain reservoir parameters in the model are permeability, porosity, and formation thickness; 
porosity and thickness exert primary control on reservoir capacity, and permeability controls reservoir injectivity [1]. 
Additional uncertainty is specified in economic input parameters, including ranges of unit costs for drilling, distribution 
piping, and maintenance [1]. Uncertainty in the input parameters is propagated throughout the model calculations and is 
reflected in the results (Table 1).  
 
 
‡ Assuming that oil-shale activities are powered using only natural-gas generated electricity (e.g., NGCC). 
Figure 2. Spatial deployment of CCS infrastructure for capturing, 
transporting, and storing 50 MtCO2/yr [1]. Each cylinder numbered 
one through nine corresponds to the geologic sinks in Figure 1—
cylinder area is proprtional to sink capacity, height proportional to 
storage cost, and blue wedges represent the amount of CO2 stored in 
each sink for this scenario. For comparison, sink #6 has a capacity of 
31 MtCO2/yr and storage cost of $0.47 tCO2. The candidate network 
(grey lines) show where pipelines can be constructed between the 
source (red clyinder, maximum production of 70 MtCO2/yr) and sinks. 
The green lines symbolize the constructed pipeline network; width is 
proportional to pipeline capacity. The underlying cost surface 
illustrates pipeline construction costs ranging from low (yellow) to 
high (brown). 
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Table 1. Summary of results of 100 CO2-PENS realizations for each of the nine sinks 
Sink ID Capacity (MtCO2/yr) Cost ($/tCO2) 
mean std min max mean std min max 
1 16.3 4.8 5.6 28.8 0.69 0.27 0.17 1.80 
2 14.4 4.3 4.9 25.5 0.40 0.16 0.11 1.05 
3 13.0 4.0 4.4 22.9 0.55 0.22 0.15 1.44 
4 12.0 3.6 4.1 22.2 0.70 0.27 0.17 1.81 
5 10.9 3.2 3.7 19.3 1.20 0.47 0.28 3.11 
6 31.0 7.9 9.2 49.7 0.47 0.18 0.11 1.08 
7 13.5 3.5 4.0 21.8 0.71 0.27 0.16 1.59 
8 7.1 1.8 2.1 11.5 0.85 0.32 0.20 1.91 
9 12.4 3.2 3.7 19.9 1.21 0.46 0.27 2.73 
Total 130.6   Avg. 0.70    
 Notes: 
CO2-PENS input parameter values are summarized in Keating et al. [1]. See Figure 1 for locations of the nine sinks. 
 
4. Infrastructure Variability 
All sites injecting into a given geologic formation share the same input parameter distributions. Each CO2-PENS 
realization samples a value for porosity, thickness, and permeability, and the model calculates a resulting set of values 
for reservoir capacity, injectivity, and on-site costs [1]. Mean values for reservoir capacity and on-site costs (100 
realizations) were used by Keating et al. [1] to evaluate the change in infrastructure topology with increasing oil shale 
production and CO2 emissions. The present study investigates the effect of uncertain reservoir characterization on the 
design of CO2 transport infrastructure. We utilize CO2-PENS results from 100 model realizations; information from 
each realization consists of sampled values for the uncertain input parameters and calculated values for reservoir 
capacity and onsite costs. These set of CO2-PENS results was sampled randomly to assign correlated reservoir capacity 
and onsite costs for each sequestration site at the start of a SimCCS model run. In this way, the characteristics of each 
site are assigned according to individual CO2-PENS simulations, but there is no correlation of reservoir characteristics 
among the nine sites. To evaluate the impact of sink uncertainty, SimCCS was executed 100 times each for 14 carbon 
management scenarios (5 to 70 MtCO2/yr) creating 1,400 different infrastructure scenarios. Each problem shares the 
same set of candidate arcs (i.e., where pipelines could be constructed) and pipeline costs and capacities. 
5. Discussion 
CCS infrastructure for each CO2 target is highly variable. Each of the 1,400 SimCCS solutions vary in terms of 
which sinks are used and how much CO2 is stored; where pipelines are built, at what capacity, and the CO2 flow; and 
how CO2 is distributed from the oil-shale industry to the geologic reservoirs. The variability is a function of sink 
capacity and cost uncertainty. Figure 3 illustrates the six most frequent combinations of sinks for the 70 MtCO2/yr 
target. The most frequent combination of the six is selected 16 out of 100 scenarios (Figure 3a), and the least is selected 
five times (Figure 3f). 
5.1. Impact of Sink Uncertainty 
SimCCS minimizes carbon management costs by simultaneously selecting the set of sources, pipelines, sinks, and 
CO2 flows throughout the system in order to store the selected CO2 target. The cost and capacity of CO2 storage sites 
has a clear impact on management costs and CCS infrastructure. Straightforwardly, all things equal, higher storage costs 
will increase total carbon management costs. Sink capacities also impact costs; for instance, the model has to balance 
the search for lower costs with a need for finding the desired total CO2 storage capacity. The search for lowest costs 
also has a clear impact on the spatial deployment of the infrastructure including sink locations and the pipeline routes. 
Consequently, variable cost and capacity estimates of the sinks, such as with CO2-PENS, will potentially change both 
the costs and spatial deployment of CCS infrastructure.  
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5.2. Spatial Variability  
For all 14 CO2 management scenarios, each set of 100 
SimCCS solutions predictably differs in terms of CCS costs. 
Further, many of the solutions differ in terms of which sinks, 
pipeline routes, and pipeline capacities are selected. Figure 3 
illustrates the six (from 35) most common sets of sinks for 
managing 70 MtCO2/yr; each subfigure, (a) through (f), 
displays one representative solution for each unique set of 
sinks. Specifically, Figure 3a identifies the set of four sinks 
(#2, 3, 4, and 6) that are selected most often (16 times) out of 
the 100 solutions. However, although the same four sinks are 
selected in each of the 16 SimCCS runs represented by Figure 
3a, the amount of CO2 stored in each sink CO2 (blue 
wedges), the pipeline capacities (green arc widths), and the 
pipeline routes vary widely between solutions. So, even 
though SimCCS has the same set of four sinks to use, the 
model adapts the pipeline capacities, pipeline routes, and 
CO2 flows in order to maximize economies of scale in 
transportation (i.e., fully utilized pipelines have lower unit 
costs) and deliver as much CO2 as possible to the cheapest 
sinks. Figure 3b shows a representative solution for the 
second most common set of sinks (#1, 2, 3, 6) chosen 13 out 
of 100 times. In addition to the different selected sinks, (the 
northernmost sink, #1, is now selected), the 42” trunkline 
leaving the source (red cylinder) always uses a different route 
than the trunkline for Figure 3a. Broadly, the 16 pipeline 
networks represented by Figure 3a are driven by the fact that 
sink #6 (on average, the largest, 31.0 MtCO2/yr, and 2
nd 
cheapest, $0.47 tCO2) sink has a lower cost than average 
(Table 1). Whereas the 13 solutions represented by Figure 3b 
illustrate occasions where the influence of sink #6 is 
overwhelmed by the relative low cost and high capacity of 
sinks #1 and 2. 
Examination of the six representative solutions in Figure 3 suggests which combinations of sinks and pipelines 
might, given the variability in cost and capacity, offer the most robust deployment of CCS infrastructure. As an 
example, even though Figure 3a and Figure 3b differ markedly, the remaining solutions (Figure 3c-f) have many 
similarities with Figure 3a. For instance, the 42” trunkline (present in all 70 MtCO2/yr solutions) takes a direct route to 
either sink #5 or #6 in all but the Figure 3b solutions. Consequently, such high-level information could be used to 
suggest which sinks and pipelines most effectively minimize costs while meeting CO2 management targets. 
5.3. Cost Variability 
The variability of costs is as significant as the spatial variability. For example, transport and storage costs in the 35 
MtCO2/yr scenario  range between $0.48 and $1.10 tCO2/yr, a 129% difference (Figure 4a). The majority of this 
variability is contributed by the uncertainty in storage (sink) costs (Figure 4b). Pipeline costs vary much less than 
injection/storage costs because pipeline construction costs are not uncertain and the network is simply reacting and 
adapting to sink costs (Figure 4c). There is also great variation in the length of networks for each carbon management 
scenario (Figure 4d). For instance, at 35 MtCO2/yr, the network extent varies between 100 and 200 km, depending on 
the combination of sinks selected by SimCCS. 
 
 
 
 
 
 
 
Figure 3. Six most frequent combination of sinks for the 70 
MtCO2/yr scenario, ranging from most (a) to least 
common (f). Each of the six subfigures displays a 
representative solution for each uniqe set of sinks. See 
Figure 1 for sink numbering. 
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6. Conclusions 
In this study we demonstrate how reservoir uncertainty propagates through, or even drives, the entire CCS 
infrastructure system. Cost and capacity uncertainty of geologic reservoirs has a significant impact on CCS 
infrastructure. The impact is manifested in terms of highly variable costs and very different spatial patterns for any 
given CO2 management target. Costs between two solutions capturing the same amount of CO2 can vary by 100% or 
more. Consequently, it is critical to understand the impact of reservoir uncertainty and to carefully plan CCS 
infrastructure. 
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